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ABSTRACT -~ An experiment is proposed to look for charged particles emitted
at large lab angles that are normally forbidden kinematically., These parti-
cles if found would correspond to hitherto unobserved events such as the
production of particles with imagirary mass values ('tachyons'"). Also, we
wish to look for fractionally-charged particles produced at these angles,
These particles, if found, would correspond to strongly-bound quark-quark
states formed in a dissociation of the target nucleon, The detection sys-
tem will consist of wire-chambers, dE/dx and time-of-flight counters. The
basic hardware is under construction and the final system will be ready

for test runs at a lower-energy machine in six months. The detection tel-
escope will view interactions of the primary proton beam from backward (in
lab) directions and our first choice experimental site is the straight sec-
tion B with a thin internal target, Wé would like to use the highest
available beam at NAL and since our beam transport and intensity require-
ments are very minimal, we will be able to run parastically during the tun-
ing periods of the NAL machine in the next year, The machine time required
for this experiment is about three months, '



Equiprent:

SUMMARY OF THE PROPQSED EXPERIMENT

Search for fast (8 > 0.5) charged particles with a rigidity (=
momentum/charge in units of ¢) greater than one GV emitted at
large laboratory angles (180°> §; > 90°.)

The law of the conservation of the four-momentum of an isolated
system implies that in interactions involving a stationary tar-
get (mass = M), the maximum energy Ej which can be emitted at
backward angles in the laboratory system ranges from zM; (at 9
= 180°) to M_ (at 8 = 90°). Therefore, any detection of par~
ticles with a rigidity greater than M¢ (in units of GV) would
imply hitherto unknown phenomena. We consider two possibilities:

(1) Tachyon (particles with an imaginary mass) production in
which case, E, may well exceed the "normal'' limits if the tachyon
"mass'' is large engough; and

(2) Quark and/or quark-quark bound state production in which case,
the rigidity may well exceed the 'mormal limits if the mass in-
volved is much less than My [It is amusing to note that if quarks
are produced in interactions that are of a long range and unsat-
urated, then it is plausible that M_ may be very large (whole nu-
cleus or even several nuclei) in which case, even heavy gquarks
(say, Mg « 6 GeV) can be emitted at large angles in the labora-
tory system. )

An array of six db/dx counters will measure the charge of the re-
lativistic particles. A set of wire-chambers and plastic count-
ers will be used to reduce noise signals. A small magnat will be
used to sweep out low rigidity (< one GV) particles. The system
will be made flexible so that the range of lab angles 90° to 1807,
can be covered in a small space (such as the Straight Section B),
The basic components of the system already exist and we expect

the whole system to be ready for testing in six months.

Heavy Z material. We will be able to use an internal target in
the Straight Section B.

No special requirements on the beam characteristics, However,
we prefer lower intensity becams. Also, we prefer the highest
possible energy beam at NAL,

Special Requirements on NAL: None




[. _INTRODUCT|ON

A. Quark Production

If'quarks really exist, it is probable that some hiéh energy inter-
actions’ involve .M'quasi-free" quark téréets and an appreciable number of
"'spectator' quarks may be emitted.yith<sma]} relative momenta. If quark-
quérk interactions are strong, then these spectafoi qupnké may-frequenily
form bound's}ates'with a small mass. And if the mass Sfjthese bouﬁd states
is low ehough, then fhése quark—quérk “paf&icles” may be emitted at large
anglés in the laboratory system. The two spectator quarks may form gq bo;
und  systems of 4/3, 1/3 and -2/3 charges and only the 4/3 charge will be
missed in the proposed experiment. O0f course, the -2/3 combination would
be prcéent if a target other than'H2 is used.

if this picture of quark and quark-quark production is correct, then the
‘e¥fective production cross~-section would be given byvngﬂdqh .where I gh is
the totel quark-hadron interaction cross-section and M is the "incoherence!
factor (i.é., g measure of the extent of the validity of the “inpulse' ap-
proximotion). This factor would be small near the threshold but should in-
crease with the incident encrgy. Various estimates of th are given in
-Table I, Since ogh may be much Ytarger than the “normal't quark production
cross-section, it is probable that quarks are produced predominantly thro-
ugh the model described above at ther NAL energy and therefore, detection
of less-than-minimum fonizing particles produced at large angles would be
a new and perhaps the best way of looking fér quarks et NAL.

Numerous atéempts were made during }he last decade! to find the quarks,

2,3

but only a few marginally positive evedences”’” have been reported so far.

However, it is interesting to note that the guark "candidates' in these
) {



evidences seem to have the Tollow
Fay . , o .
(1) The quarks were closely associated with large air showers,

(2) The quark (or a qq bound state) mass was less than about 6 GoV

, - 2
and the sca-level momentum obscrved was small’,

(3) The quarks were not parallel to the shower_éxis and they were con-
sistent with having been produced locally, e.g., in shielding, mag-
net, lower atmosphere, etc., and

(4) The obscrved quark frequency is consistent with an effective quark
production {or interaction) cross-section of the order of one mb.

tt should be noted that thesc features of quark production, if true, would

_ _ 1,4
explain some of the negative results reported by various cosmic-ray groups.

Quark searches done at proton machines?™/ have been so far sensitive

. . 0 '
only to relatively high momentum and forward (0% to 20°) quarks produced

. ' ~ - &
presumably in reactions such as NN = NNqq and mN - Nqq . The latest pro-

. . . . - .
ton machine exper«ments places an upper limit of about 10 10 202 on the

quark production cross-scction if Mq ~ -5 GeV and if quarks were produced
in forward directions with a large momentum.9 Fig. 1 g}vcs a summary of
the maximum ''sensitivity' achieved in various machine experiments. The
solid curves in the Tigure represent the 'best' estimates on the quark-

antiquark pair production cross-section as quoted in Ref. 1. It should be

noted that if qg pairs are indeed produced in the same manner as NN, YY, etc,

are produced at lower energy machines, then the sensitivity reached in
s , . 1 . . :
the -proton machine experiments was either marginal or well above the pre-

dicted cross-section. Indeed, if one takes M = 6 GeV, onc would have
3 q 3

-50
g -~ 10 g cm? .
qq



B. Tachyon Producticn

In the general reaction Py + Mg = Py + Py, where the subscripts
a, t, b and x denote the incideni, target, detected final state and
"missing'' final state particles, respectively, the missing nass squared

,2 Q;ZHtEa - 2E8Eb -+ ZEaEbcos 6 where 6 is ihe lab production

is given by M,

angle of particle b and E, ~ 200-500 GeV and &y Q;Ifb|' It s readily
scen that for 9 s 1807 the missjné mass becomes imaginary unless M, >
28} (ot My > Ep for € z2 90°) and any presence of backward particles with
encrgy c¢reater than a few GeV in lab would imply hitherto unkrown reac-
tions (assuming a hydrogen target).

High energy particles may be emitted at "forbidden'" angles if par-

)]O arc produced. Attempts to find

ticles with imaginary mass (tachyons
fachyons rave until now been of ]jmited_extént. Tachyoen searches have
been made fn low energy photoreactio.nsH and also in bubble chamver pic-
tures!? witﬁ negatlive results,

Tochyons ray be produced in reacticns such as N+ N o N+ N + T and
due to the negative mess square of tachyens (T); high energy nuclcons
may be emitied at large lab angles, For example, in the extrema cagc
that one of the nuclcons remains stationary in lab, the other nucleons
may be scattered backward (8 = 180°)«if the tachyon is produced in the
forward direction. Then the encrgy of the scattered nuclcon would be

7 k] r [ . 2 - -
Eb = (hHZ -+ mz)/“: where M is the nucleon mass and m® Is the negztive

d
square of the tachyon '"mass' (for E, = 200 GeV and Ep, = 1 GeV, m ~ 28 GeV).
Experimental observations of large angle arnd hich energy particles

in lab would constitute strong evidence for (but not proof of) the exist-

ence of tachyons, but more detailed examinations of the interacticrs in



Mich backward partic!es are enitted will be required for any conclusive
scaich {or tachiyons,
In the proposed experiment, we will search for high enzrgy backward
{norral df/dx) particles and more definitive experimentSlwili be pro-

posed in the sccondary beam arca if we find any positive evidence for

tachyons in this experiment,

e



C. Other Possibilities

'lt is Qery unilely but neverthless it is probable that the incident
particle interacts with a grouo of nucleons as a whole in a high-Z target.
In such a case, Targelangle and hiéh energy particles can be enitted in the
laboratory system.

Fig. 2 gives an estimate of the solid angle for particles that are pro-
duced isotropically in the production CM system with a velocity larger than
that of the CM system. As is well-known, the solid angle involved is very
small for target masses less than 20 GeV. However, these particles may be
backward-peaked in the CH system in which case, the effective solid angle
would be much larger than that implied in the figﬁre.

High eneyy interactions in high~Z materials produce a large flux of low
energy (sbout 20 MeV average kinetic energy) nucleons nearly isotropically
in the laboratory system]B. Our detection system will be shielded against
these 'boil-off'" nucleons. |

High-energy large angle particles from interactions with heavy nuclei
(i.e., ”éoherent”Ainteractions) would be interesting in their own rights,
but it would be difficult to distinguish these interactions from the effects
of interactions with quasi~free nucleons with a large Fermi momentum. These
particles will of course fake the tachyon production in our present set-up,
but the use of a hydrogen target should eliminate this particular Lackground.
If the flux of these particles turn out to be very large at the NAL energy,
we will have to use a light-Z target in a secondary beam area in order to
achieve a reasonable limit of sensitivity for our quark search.

A small sweeping magnet will be used to sweep out low rigidity {(less than

one GV) particles coming from the target.



I Bwerimental Methods

The nain objective of the proposed experiment is te delect re
fast (beta of 0.5 to 1.0) fractionally charged particles. We plan to de-
tect these particics through their less-than-minimum dE/dx in liquid scinti-

1lators., A secondary objcctive of the experiment is to look for normal
dE/dx particles emitted at large lab ongles with high momentum (two or more
GeV/c). This part of the experiment wilf constitdtc a preliminary phase

of & later experiment to look for tachyons at HAL,

The basic legic of the detection system is showm *n Fig., 3. 1t should
be ﬁotcd‘that both the normal end guark evants will be detected concurrently

in the system,

A. Detection System

The system is designed to measure: (1) the energy deposited by charged
particles in liquid scintillators, (2) the particle velocity, and (3) the
number and the direction of particles triggering the system. The solid angle
ecceptance of the system is defined by“a set of pIasLic.sc]nti]?atOrs, Pl to

Pg. The plastic scintillators are also used for the time-of-{light of the

particles. The paired counters P] and Py and the pair P_ and P“ are sepa-

3
rated by about 5 meters.

The array of six liquid scintillation counters (about 5x50x50 crd each)
is used for the dE/dx measurement. Fach counter is viewsd by four phototubes
and pulsés froﬁ these tubes are mixed per counter and ADC'd into the PDP-8
computer,

The magneto-strictive wire-chambers S1 to 56 are used to count the num-

ber of particles passing through each liquid scintillator.  They are also vead



to enstire thol the delected particle prigina{CS in thc‘targci.

»The Ppp-8 Compﬁ(cf tlndinna State Univc?sity}.hns‘S;lgy words of menory,
two magnetic tape driycs and @ slorage CRT unit. The compuler is cxpécicd
to read in the ADC-Lits (timc"of—f]ighf, dE/dx,.and wire-chember data) in

less then one msec per event. Tﬁis is COmnarablé to the wiyc«chawber dead-
time, During the interval between beam pulses, some routine tests on the
performance of the syétcm.vill be made., All pcrt%ncnt data will be recorded
on magnetic tapes for off-line data enalysis.,

The wirce-chambers and their interface to the computer are being con-
slructed at Indiana State University and the basic detection-logic system
is being designed at 1SU and the Chio Stete University with the help of Mr.
C. Rush (an clectronics engincer). Ve expect Lo have the basic systen
ready in six months for Lcstiné and debugging, initially with cosnic rayé
but later on with an accelerator beam at @ 1owcr~cnergy.machinc.

The basic cémponents of the PDP-8 software for our system alrcady exist
and we plan to do an exhaustive simulation study of various backgrounds in
~the on-line as well as the of f-line computers in ordcf to optimize our de-
. tection system., Therefore, the detection system described in this propose!l

will most likely be different from the "finel" version of the system,
.
In view of the absence of zny reliable gstimate OQ radiation beckgrounds

in the proposed experimental site, the plastic counters, P, to Po, will be

I 5
uscd @s &n independent system to survey the radiation backgounds in the very

first phase of this experiment. This survey should allow us to optinize the

shiclding end it should also ascertain the feasibility of using the Straight

(

Section B for this expariment



B. Resolution and Backgrounds
- The detection system described in Section 1A should Y"minimize' prob-
- o « e ,_‘} Toe b . . L "{ AR | L - oo . Y. s -,.EI.L—J
tems arising irom de/sax stvagygiing y Smai il pulses oue Lo {ocally cmitico
electrons (Compton electirons, pairs, etc), particles produced upstrean
of the target, etc. The inclusion -of wire chambers is (o remove ambigu-
ities duc to sidewise showers or strange multi-particle cvents, The cham-
ber also alidws one (in principle) to correct the pulse hoights for oblique-
ness of the particle and also for any nor-uniformity of the dE/dx. counters.
The db/dx counters will be calibrated and standardized using acceler-
ator beams and built-in light flashes, A preliminary calculation of the
fluctuations in dJdE/dx (less than 204 for our range of B's for 5 cm - thick
R L , ) e eoe .
scintillators) shows that a better than 70% efficiency for 2/3 charged
s A ) . ‘ . 12
particles (nearly 100% for 1/3 charge) with lcss than one in 107 of the
background particles contaminating the quark sanple,
As mentioned carlier, pulscs from each db/dx counter will be digi-
tized and stored on 2 tape for a complete statistical (x*) test to sce

if an event is compatible with being due to one unique particle going

ihrough all the di/dx counters with the same mcan energy loss <di/dx> in

. 15
each counter,

The cosmic-ray muon intensity in horizontal directions (zenith ~

16 is 2t most 107° u/cmg/sr/sec for EM > 1 - 2 6eV., This will

80° - 90°)
give rise to a background counting rate of ébout 2.5 x 1077/msec (40 =
2.5 x 1673 steradians, M -~ 100 cn®, effective area of the target covered
by the telescope and one beam pujse ~ onc msec long) or about 2.5‘x 1071°
muons/pulse will simulate quarks in our system. Assumning iO‘O protons/

pulse and a target thickness pt ~ 100 gm/cm% this backgrouﬁd corresponds

, . o .
to a2 quark production cross-section of about 107%%cn?,

-8-



C. Expected tvent "Rate'

If our quark production model is correct and if the "incoherence!

factor is not too smali at the HAL encrgies and i{ the quark-nucicon

interaclion cross-scction is not much smaller than the values given in
Table 1, then one would expect a fairly hot flux of quarks at NAL,

3

The expected quark flux per pulse is given by:

= O ' " o >
Nq th Ng Np ot AO M ¢ ,where
N(l : guark flux per pulse,
. ~ . . . . ~30 2
Ogh ¢ quark-hadron interaction cross section: we teke it to be 10 cm’ .
Np : proton flux pcer pulse, about 10‘0 PPP.
No 1 Avogadro's number, 6x1023 nuclei/gram nole,
pt ¢ target thickness, 100 grams/cmz, effective.

AO 2.5xl0"3-stcradian.

1 : "incoherence' factor, T (8 wild guess).

€ * Lorentz factor for the solid angle, 1072 (a wild guess).

Therelore, we would expcct aboul ons quark in every ten pulses. |If one
assuxcs one pulse per minute, we would have about 50,000 quarks per year,
In case of negative results, we would like to run for about three months

=35

(parasitically, of course), This wi]l give us a sensitivity of abcut 10

cm2 for quark detection, As shown in Fig. 1, this sensistivity is com-

arable to that achieved in the quark scarch experinents done at lower
p . F

encrgy machines,



Fil.  HAL Reduirements

A, Beem

Beam encrgy: as high as possible - [deally, 500 GeV or higher,
Beam intens)ive 10, . : - -

seam intensity: 10" "ppp and one pulse/min, or faster,
“Beam shape: oy e ey oty e feseen,

Beam purity: not required,
“This is for .on internal target in the straight section B,

B. shielding

Our equipment will come with some thin ( one or two cm-thick Cu )
shiclding., This shielding will be adeﬁuatc only Tor low energy charged
particles and photons and we expect the NAL to prévide the main shiel-
ding for ncutrons and high energy particles, For the use of an internal
target (our first choice), vie will provide some additional shielding bilocks
xe]d%ng blocks will be in smoll medular

for low cncrgy neutrons, These sh

units for maximum mobility inside the tuanel,

C. Experiment Site

First Choice ~ Straight Section B: A possible layout for our equipment in
this arca is shown in Fig. . A low intensity beam and a thin target are
to be used, The equipment (including shielding) will be made very compact
. :

and mobile so as not to block the traific in the area,

sceond Choice - Highest encrgy external beam, The Yayout would be the sane
in Fig. 4, Since our beam requirements are very minimal, we will be able
to use essentially any high energy beam, used or otherwise. We should be

able to use tired and old beams just prior to & beem dump with @ moderate

emount of shielding,

-10-



b. _Shelters

We will n c;truUici equipment.
The cquiprent will need air-conditioning (particularly, the POP-8).
We expect to monitor our control equipment coﬁtinuous1y and & working
space for two or three experimenters shou‘d also be included in the
shelter. If necessary, we will provide our own shelter (a trailer). Ve

would, of course, like to place the equipment as closc to the counters

as possible,

E. Magnetized lron Picces

Ve expect a large flux of low rigidity ( less t_ha.n cne GV) particles,
mostly electrons and pions, in the backward directions and we will place
2-3 Kgauss-meters of magnetized iron pieces in our system. The field will
be kept very low and also far away fram the main beam (in case of the in-
ternal target). We expect the NAL to Turnish these iron pieces with the

associate power supplies, etc,

.‘.]i..
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hadron interaction cross sections at intermediate and “asymptotic' ener-
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gies. Some implications of the model and their experimental tests are
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The surprising results on the behavior of the meson-nucleon total
cross sections at the Serpukhov energies!) and certain inconsistencies
in the cosmic-ray data at energies above 100 GeVz) seem to forebode the
coming of still more surprises with the construction of new proton mach-
ines with another order of magnitude increase in the available energy.

In this note we briefly discuss a phenomenological model of the be-
havior of the hadron-hadron interaction cross sections at "high'' energies.

We divide the behavior into three phases. First, the low energy phase

(phase-1) where the cross sections are mainly controlled by the presence

of resonance channelsB); or, in terms of the quark model, the interactions
occur via bound states of the quarks. |In this phase the cross sections
3)

decrease with energy”’. In the second phase (phase~11), the quark bin-
dings begin to dissolve as the interaction energy increases and the ha-
drons become more and more#”ionized”h). Naively speaking, the icnization
energy would be equal in the CM system to the sum of Aasses of the quarks
excited into real and/or virtual continium states and the ionization pro-
cess most likely occurs over a wide range of the interaction energy. And

in the third phase (phase«]!]),.we have asymptopia where hadrons are com-
pletely ionized and hadron-hadron intéractions are via free or quasi-free
quarks. Here we adopt the Cheng-Wu mode]S)which predicts fhat the total cro-
ss sections increase with energy. We assume that free or quasi-free quarks
act Tike Lorentz-contracted pancakes whose radius and interaction strenéths
both increase with energyS).

The hadron interaction cross sections in the energy region below 30 GeV

are known to fall roughly as TA's where s is the square of the effective



mass of the interaction. However, the recent results of the §

the Scrpukhiov
experimentsj) show that w~, K~ and possibly p cross sections on nuceéns
behave roughly as constants in the energy region above 30 GeV. The possi-
bility of increasing cross sections at high encrgies has been discussed by
several cosmic ray workers ', For example, the flux of the nucleons having
no shower accompaniment at mountain altitudes has been observed to be much
less than what is expected from the attenuation of nucleons in air and
this "snomalous" flux of the leakage nucleons can be explained in terms
of an increased cross section6). This is in contradiction with the expec-
tations of the conventional description of the high energy behavior of ha-
dron interactions7'8).
We make the conjecture with Hornu) that the physical mechanism respon-
sible for the resonances is also responsible for the decrease in the total
cross sections and the fact that the decrease in the cross sections stops
or becomes more gradual is a reflection of the "ionization' of hadrons. For
example, one may interpret the observed flattening of the tp total cross sec~
tion at /S ~7.5 GeV as being due to the excitation of one quark (Mq=36 GeV)
into a quasi-free or free state. |In the present scheme, the behavior of the
cross sections at phase-1l energies is given by the composite of the de-
creasing contributions from the residual resonance channels and the incre-
asing contributions from the free or/and quasi-free quarké. Thus, the cross
sections in this phase would stay relatively constant as indeed observed in
the Serpukhov experiments

Recently, Cheng and WuS) have made the prediction that at "“asymptotic!
energies (i.e., our phase-111 region), the hadron-hadron total cross sect-

ions will be given by 27R? where the effective radius (i.e., the range of

the interactions) of hadrons R increases with energy ¥s. These authors pre-



dfét R = Ry, Log H where Ro is a constant independent of energy and H~
s/{(Logs)2. Furthermore, Cheng and Wu asscrt that at extremely high en-
ergies hadrons act like Lorentz-contracted pancakes which have two gen-
eral regions: (1) a black core whose radius R increases with energy as
given ebove and wﬁich becomes more absorptive with energy and (2) a par-
tially absorptive '"fringe' which extends further out then R. We assume
specifically that at very high energies (/s>>''total" ionization energy)
hadrons are completely ionized into a system of quasi-free or free quarks
and that the effective size of these quarks is given by the Cheng-Wu for-
mula; we assume that the hadron-hadron interaction cross sections at these
energies are given by the additivity hypothesis9) whereby the forward scat-
tering amplitude for the hadron-hadron interactions is given by the sum

of all poésible two-body quark-quark scattering amplitudes.

Naively gpeaking, one may expect- the beginning of phase~l11 energies to
be about 400-500 GeV corresponding to the ionization energy of five or six
quarks. Fig. 1 shows the Cheng-Wu growth as a Function-of the guerk inter-
action energy /s which would be less than the hadron interaction energy, the
difference being roughly equal to the quark "ionization' energy. And it is
very likely that in this energy raﬁge, the contributions from the resonance
channels may still be appreciable and the effective increase in R is probebly
rather moderate for a hydrogen target as seen in Fig. 1.

We note that the Cheng-Wu effectSS) may be "amplified" by several times
in hadron-nucleus interactions. This amplification would come out because
of the sizable increase ins in nucleus interactions., The exact mechanisms

. 10
by which the nucleus provides the additional energy are not known ) but we



take the view that the energy increase in onc form or another reflects the
recoil (partial or total) of the nucleus. We consider two plausible means
by whfch the nucleus transfers energy to the interaction:{1) the so-called
linear cascade which increascs the effective mass of the incoming particle
and (2) the Cheng-Wu growth of particle size which increases the effective
mass of the target particle,

On the basis of certain similarities between the nucleon-induced events
in nuc]ei of widely varying A, Kaplon and Ritson!!) have made the observat-
ion that most of the particles produced in high energy nuclear interactions
are well collimated and they interact simultaneously in the subsequent col-
lisions. In the extreme case (''Kaplon-Ritson' limit) where the entire en-
ergy /sy of the initial collision is incident simultaneously on a target,
the CM energy /3y of the new collision would be increased according sy =

. 2
s, + ZEOHt + My or s

o = s, + 2Eo(th) + (th)2 for thz n-th successive col-

n
lision. 1t is seen that the CM energy is nearly doubled for n=3% if the in-
cident energy Ej is 200 GeV assuming a stationary nucleon target. A more
realistic form of the linear cascade may be interactions in which the in-
coming particle imparts 2 small Iongi;udina] momentum recoil 4 to the

Hi
]2). In such peripheral collisions, the major part of the collision

target
energy may stay concentrated both in time and in space as the linear cas-
cade progresses through the nuclear matter. |In these collisions, the CM

energy would increase according s, =~ sg + 2E0AI] or in the n-th successive

]

collision s, = + 2Eo(nA]]) where the recoil momentum is assumed to be

S0
less than the target mass,
In contrast to the linear cascade in which the effective mass of the in-

cident '"particle" grows through multiple interactions, the Cheng-Wu growth

of the size of the interacting particles would mean an effective increase

.



ih>the target mass. Because of the Lorentz-~contraction and the Cheng-Wu
growth of the particle size, the target nucleus would jeook Tike a large
black disc to the incoming particle and a sizable fraction of the nuclear
mass may participate in the reaction as a single unit.

Since the two mechanisms described above would 'bootstrap't each other,
a sizable fraction of hadron-nucleus interactions in the 200-500 GeV energy
range may involve the entire nuclear mass as the target and we assert that
in these reactiqns the incoming particle ionizes and creates a local ''sea"
“of free or quasi-free quarks. 1t is probable then that many of these
quarks are emitted in the laboratory system more or less isotropically with
2 relatively low energy. We note that in the 200-500 GeV reaction p + Cu -
3q + Cu, quarks can be emitted with a 20 GeV/c momentum at B = 180° or with

L

tion of quarks on the basis of the phase space available in the reaction

o
a momentum of L0-50 GeV/c at 8, = 90 . The laboratory momentum distribu~-

is shown in Fig. 2. One may visualize the situation in which the momentum
distribution {curves [ and Il in the figure) is made of ; gaussian-like (
isotropic in angle) distribution peaked at 20-30 GeV/c and a skewed dist-
ribution similar to the proton target distribution (curve 1V in the figure).
Dynamically, this situation would correspond to emission of ''spectator'' qu-
arks with Fermi momenta and to scattering of the interaction quarks wﬁich
presumably participate more actively in the interaction than the spectators.

6)

Grigorov et al, have measured the proton-—lﬁl]2

et al total inelastic cross sec-
tion in their Proton series experiments, The actual quantity measured was
the ratio of the flux of singly arriving protons with a given integral en-
ergy with and without a 30.6 g/cm2 graphite ebsorber in a calorimeter. The

attenuation of protons obtained in this way would correspond to a difference

between the total cross section and the elastic or quasi-elastic cross sec-



tion. The observed vqlue shows an increase of about 20% in going from

20 GeV to 500 GeV, This value is an ordcer of magnitude less than the in-
crease one would expect from the‘present model if pure phase-111 is assum-
e&. However, we believe that because of certain technical problems, the
Russian data indicate only a portion of the actual increasc in the cross
sectionlB) and it suffices to make the observation that the Russian re-
sults indicate a sharp rise in the cross section above‘lOO GeV,

Several high energy cosmic-ray pictures in a bubble chamber‘u) and in
emu]sions]S) scem to show possible exampies of phase-lll interactions in
whiéh particles with a momentum as large as 10 GeV/c are emitted at large
angles in the laboratory systém. Other possible evidences for phase-I1|

16) and Smorodinz).

interactions have been discussed by Kaufmzn and Mongan
These authors interpret, among others, the apparent discrepancy between
the satellite-obscrved and the EAS-based data on the energy spectrum of
the primary cosmic~-ray nucleons as being due to production of '"passive!
or Mess-ionizing' particles at energies above a few hundred GeV,

Finally, we note that a simple experimental test of the present mod-
el (phase-111 interactions) would consist of looking for fast (p > 2-3
GeV/c) particles (preferably, "less~ionizing' particles) at large labora-
tory angles in high-energy hadron-nucleus interactions. At large angles
(8L > 90°), one has the important advantages of being able to use low-
energy particle detection techniques and of coping with much lower energy
backgrounds.

We wish to thank Prof, Jay Orear for stimulating our interest in

this subject.
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Fig. 1.

Fig. 2.

Figure Captions

The Cheng~Wu growth oflthe range of quark interactions as a
function of the energy available in the CM of the quark inte;—
actions, The range of the interaction energy aveilable for
hadron interactiéns is also shown for free nucleon targets and
for Cu targets. The quark interaction energy would be roughly
equal to the hadron interaction energy minus the “ionization"

energy.

The phase-space laboratory momentum distribution of the quarks
(Mq is assumed to be 6 GeV) produced in a Cu target by 200 and
500 GeV nucleons (curves | and |1, respectively). Curves 111l
and 1V show simitar quantities for 500 GeV nucleons incident on

a2 hydrogen target.
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The surprising results on the behavior of the meson-nucleon total
cross sections at the Serpukhov energiest) and certain inconsjstehcies
in the cosmic-ray data at energie¢s above 100 Gevz) seem to forebode the
coming of still more surprises with the constructton of new proton mach-
ines with another order of magnitude increase in the available energy.

In this note we briefly discuss a phenomenclogical model of the be-
havior of the hadron-hadron interaction cross sections at ”hiéh” energies.
We divide the behavior into three phases, First, the low energy phase
(phase-1) where the cross sections are mainly controlled by the presence
3). o

of resonance channels , in terms of the quark model, the interactions

occur via bound states of the'quérks. In this phase the cross sections
decrease with energy3). in the second phase (phase-11), the quark bin-
dings begin to dissclve as the interaction energy increases and the ha-
drons become more and more_”ionized”h). Naively speaking, the ionization
energy would be equal in the CM system to the sum of masses of the quarks
excited into real and/or virtual continium states and the ionization pro-
cess most likely occurs over @ wide range of the interaction energy. And

in the third phase (phase-111), we have asymptopia where hadrons are com-
pletely ionized and hadron-hadron interactions are via free or quasi-free
quarks. Here we adopt the Cheng-Wu mode]S)which predicts fhat the total cro-
s§s sections increase with energy. We assume that free or quasi-free quarks
act like Lorentz-contracted pancakes whose radius and interaction strenéths
both increase with energyS).

The hadron interaction cross sections in the energy region below 30 GeV

are known to fall roughly as IAs where s is the square of the effective



mass of the interaction. However, the recent resul

experiments ‘/ show that = , K~ and possibly p cross sections on nuceons
behave roughly as constants in the energy region above 50 GeV. The possi-
bility of increasing cross secfions at high encrgies has beeﬁ discussed by
several cosmic ray workers ', For example, the flux of the nucleons having
no shower accompaniment at mountain altitudes hes been observed to be much
less than what is expected from the attenuétion of nucleons in air and

this "anomalous'" flux of the leakage nucleons can be explained in terms

of an increased cross sectionG). This is in contradiction with the expec-
tations of the conventional description of the high encrgy behavior of ha-
dron interactions7’8).

We make the conjecture with Hornh) that the physical mechanism respon-
sible for the resonances is also responsible for the decrease in the total
cross sections and the fact that the decrease in the cross sections stops
or becomes more gradual is a reflection of the "ionization" of hadrons, For
example, one may interpret the observed flattening of the w'p total cross sec-
tion at /s ~7.5 GeV as being due to the excitation of one quark (Mq;gG GeV)
into & quasi-free or free state. In the present scheme, the behavior of the
cross sections at phase-ll energies is given by the composite of the de-
creasing contributions from the resi&ual resonance channels and the incre-
asing contributions from the free or/and quasi-free quarké. Thus, the cross
sections in this phase would stay relatively constant as indeed observed in
the Serpukhov experiments

Recently, Cheng and Wus) have made the prediction that at “aiymptotic”
energfcé (i.e., our phase-111 region), the hadron-hadron total c;oss sect-
ions will be given by 2:R% where the effective radius (i.e., the range of

the interactions) of hadrons R increases with energy ¥s. These authors pre-



dict R = Ro Log H whe?e Ro is @ constant independent of energy and H ~
s/(Logs)?. Furthermore, Cheng and Wu assert that at extremely high en-
ergies hadrons act like Lorentz-contracted pancakes which have two gen-
eral regions: (1) a black core whose radius R increases with energy as
given above and which becomes more absorptive with energy and (2) a par-
tially absorptive '"fringe' which extends further out than R. We assume
specifically that at very high energies (/s> ''total'' ionization energy)
hadrons are completely ionized into a system of quasi-free or free quarks
and that the effective size of these quarks is given by the Cheng-Wu for-
mula; we assume that the hadron-hadron interaction cross sections at these
energies are given by the additivity hypothesisg) whereby the forward scat-
tering amplitude for the hadron-hadron interactions is given by the sum

of all possible two-body quark-quark scattering amplitudes.

Naively speaking, one may expect the beginning of phase-lll energies to
be about L00~500 GeV corresponding to the ionization energy of five or six
quarks. Fig. 1 shows the Cheng-Wu growth as a function of the gquark inter-
action energy /s which would be less than the hadron interaction energy, the
difference being roughly equal to the quark 'ionization' energy. And it is
very likely that in this energy raﬁge, the contributions from the resonance
channels may still be appreciable and the effective increase in R is probably
rather moderate for @ hydrogen target as seen in Fig. 1.

We note that the Cheng-Wu effectss) may be '"amplified' by several times
in hadron-nucleus interactions. This amplification would come out because
of the sizable increase ins in nucleus interactions. The exact mechanisms

0)

|
by which the nucleus provides the additional energy are not known but we



take the view that the energy increase in one form or another reflects the
recoil (partial or total) of the nucleus. We consider two plausible means
by which the nucleus transfers energy fo the interaction: (1) the so-called
linear cascade which increases the effective mass of the incoming particle
and (2) the Cheng-Wu growth of particle size which increases the effective
mass of the target particle,

On the basis of certain similarities between the nucleon-induced events
in nuclei of widely varying A, Kaplon and Ritson]]) have'made the observat-
ion that most of the particles produced in high energy nuclear interactions
are well collimated and they interact simultaneously in the subsequent col-
lisions. In the extreme case {''Kaplon-Ritson" limit) where the entire en-
ergy /so of the initial collision is incident simultanecously on a target,
the CM energy /B] of the new collision would be increased according sy =
s * ZEOHt + M% or s = so T 2Eo(nMy) + (th)Z for thg n-th successive col-
lision. It is scen that the CM energy is nearly coubled for n=3 if the in-
cident energy Ej is 200 GeV assuning a stationary nucleon target, A more
realistic form of the linear cascade may be interactions in which the in-
coming particle imparts @ sma]l'1ongi;udina1 momentum recoil AH to the

]2). ‘1n such peripheral collisions, the major part of the collision

target
energy may stay concentrated both in time and In space as éhe linear cas-
cade progresses through the nuclear matter. |In these collisions, the CM
encrgy would increase according sy & so * ZEOA], or in the n-th successive

collision s, = s, + ZEO(nA];) where the recoil momentum is assumed to be

Ts,

(o]

less than the target mass.
in contrast to the lincar cascade in which the effective mass of the in-
cident 'particle’ grows through multiple interactions, the Cheng-Wu growth

of the size of the interacting particles would mean an effective increase

-



in the target mass. Because of the Lorentz-contraction and the CHeng;Wu
growth of the particle size, the target nucleus would look like a large
bilack disc to the incoming particle and .a sizable fraction of the nuclear
mass may participate in the reaction as a single unit.

Since the two mechanisms described above would 'bootstrap'' each other,
a sizable fraction of hadron-nucleus interactions in the 200-500 GeV energy
range may involve the entire nuclear mass as the target and we assert that

Hseall

in these reactions the incoming particle ionizes and creates a local
of free or quasi~free quarks. 1t is probable then that many of thesec
quarks are emitted in the laboratory system more or less isotropically with
2 relatively low energy. We note that in the 200-500 GeV reaction p + Cu -
3g + Cu, quarks can be emitted with a 20 GeV/c momentum at GL = 180° or with
a momentum of 40-50 GeV/c at BL = 900. The laboratory momentum distribu-
tion of quarks on the basis of the phase space available in the reaction

is shown in Fig. 2. One may visualize the situation in which the moirentum
distribution (curves | and Il in the figure) is made of a gaussian-like
isdtrOpic in angle) distribution peaked at 20-30 GeV/c and a skewed dist-
ribution similar to the proton target distribution_(curve IV in the figure).
Dynamically, this situation would correspond to emission of ''spectator'' qu-
arks with Fermi momenta and to scattering of the interaction quarks wﬁich
presumably participate more actively in the interaction than the spectators.

6) o12

Grigorov et al, have measured the proton- total inelastic cross sec-

tion in their Proton series experiments. The actual quantity measured was
the ratio of the flux of singly arriving protons with a given integral en-

ergy with and without a 30.6 g/cm2

graphite absorber in a calorimeter. The
attenuation of protons obtained in this way would correspond to a difference

between the total cross section and the elastic or quasi-elastic cross sec~



tion. Thc observed value shows an increase of about 20% in going from

20 GeV to 500 GeV, This.va]ue is an order of magnitude less than the in-
crease one would expect from the preseﬁt model if pure phase~111 1s assum-
ed, However, we believe that because of certain technical problems, the
Russian data indicate only a portion of the actual increase in the cross
section)B) and it suffices to make the observation that the Russian re-
sults indicate a sharp rise in the cross section above 300 GeV,

14)

- Several high energy cosmic-ray pictures in a bubble chamber and in
emulsionslS) seem to show possible examples of phase-tll interactions in
which particles with a.momentum as large as 10 GeV/c are emitted at large
angles in the laboratory systém. Other possible evidences for phase-~I1l|
interactions have been discussed by Kaufman and Mongan‘é) and Smorodinz).
These authors interpret, among others, the apparent discrepancy between
the satellite-obscrved and the EAS-based data on the energy specirum of
the primary cosmic-ray nucleons as being due to production of ''passive'
or "less-ionizing' particles at energies above a few hundred GeV.

Finally, we note that a simple experimental test of the present mod-
el (phase-11! interactions) would consist of looking for fast (p > 2-3
GeV/c) particles (preferably, '"less-ionizing' particles) at large labora-
tory angles in high-energy hadron-nucleus interactions. At large angles
(o > 900){ one has the important advantages of being able to use 1ow-
energy particle detection techniques and of coping with much lower energy
backgrounds.

We wish to thank Prof. Jay Orear for stimulating our interest in

this subject,
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Fig. .

Fig. 2.

Figure Captions

The Cheng-Wu growth of the range of quark interactions as a
g g ¢ q

function of the energy available in the CM of the quark inter-

actions. The range of the interaction energy available for

hadron interactions is also shown for free nucleon targets and
for Cu targets. The quark interaction energy would be roughly
equal to the hadron interaction energy minus the "'ionization"

energy.

The phase-space laboratory momentum distribution of the quarks

(Mq is assumed to be 6 GeV) produced in a Cu target by 200 and

500 GeV nucleons (curves | and |l, respectively). Curves 111

and [V show similar quantities for 500 GeV nucleons incident on

a hydrogen target.
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